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The permanent GPS tracking site at Annapolis, MD

shows a 7-mm seasonal signal primarily in its horizontal

position. It is suggested that thermal expansion of the

pier on which the antenna rests is the source of this mo-

tion. A simple numerical model of the pier reproduces

the observed motion of the GPS antenna, lending cre-

dence to this hypothesis. Although adding an additional

level of complexity, this motion is predictable and the site

retains its value for high precision monitoring. Although

the arrangement of this GPS site is somewhat uncom-

mon, these results emphasize the importance of the un-

derlying antenna monumentation when measuring

crustal motions. © 1999 John Wiley & Sons, Inc.

I1\!TRODUOTIOS\S
istorical tide gauge measurements indicate

that the rate of sea-level rise along the mid-

Atlantic coast of the United States is higher than the

global average (Douglas, 1991). Although the differences

are small, 1-2 mm/yr, they are nonetheless significant

for the shallow mid-Atlantic plain. Of course, a key in

evaluating the significance of this enhanced rate is de-

termining its sources. In 1993, the National Oceanic and
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Atmospheric Administration (NOAA) and National

Aeronautics and Space Administration (NASA), in part-

nership with several local agencies, began a project to

measure the subsidence, if any, at tide gauges around

the Chesapeake Bay with the use of continuous GPS

measurements from permanent tracking sites (Nerem,

vanDam, and Schenewerk, 1998). Given the small rates

expected, an understanding of the GPS monument sta-

bility is essential. In this aspect, the most interesting of

these Chesapeake Bay sites is designated USNA and is

located on the U.S. Naval Academy grounds at Annapo-

lis, MD. Although seasonal motion in the vertical posi-

tions of these sites is common, USNA is unique among

FIGURE 1. Perspective view showing the rela-
tive placement GPS antenna on the pier. Pertinent
physical dimensions of the pier and antenna
mount are shown.
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these sites in that we observe a 7-mm seasonal shift in
its horizontal position.

DISCUSSION
USNA was installed in December 1994 at the Hendrix
Lab, which houses a NOAA Next Generation tide guage.
Hendrix Lab is located on a pier bounding the Academy
marina and the Severn River. The northwest end of the
pier rests against the river bank and extends southeast
into the river. The pier's principal axis extends along the
130° azimuth line as determined by a local GPS survey
and confirmed with more conventional measurements.
Figure 1 shows the orientation and placement of these
structures. The GPS equipment includes an Allen Os-
borne Associates Rogue 8000 (Turborogue) (Meehan et
al, 1992) connected to a Dome Margolin antenna with
T-type choke rings. The antenna is mounted on a
3.108-m cast-iron pole, which, in turn, is attached to a
2.91-m steel antenna platform at the southeast end of
Hendrix Lab. The antenna is 76.7 m from the landward
end of the pier. Admittedly unusual, this configuration
places the antenna at the height of the roof peak while
meeting local architectural requirements for this his-
toric site. The cast-iron pole was specifically selected for
its low thermal expansion, low cost, and availability.
The GPS data are downloaded daily via internet to the
International GPS Service (IGS) (Mueller and Beutler,
1992) Regional Data Center at the National Geodetic
Survey (NGS), and are forwarded to the Crustal Dynam-
ics Data Information System at NASA's Goddard Space
Flight Center.

The GPS data were processed with the PAGE4 soft-
ware developed at NGS (Mader et al., 1995) [processing
with JPL's GIPSY (Lichten and Border, 1987) software
yielded similar results]. IGS precise ephemerides were
used in this processing with no additional orbit adjust-
ment. The IGS site at the NASA facilities in Greenbelt,
MD was used as the reference site. Known as CODE, its
coordinates and velocity were held to their ITRF94 val-
ues. Being only 30 km from USNA, the GODE velocity
was also applied to the USNA a priori coordinates. The
Saastamoinen (Saastamoinen, 1972) zenith delay mod-
els and NMF mapping functions (Niell, 1996) with a
seasonal model for surface temperature, pressure, and
relative humidity were used to remove tropospheric ef-
fects. In addition, a piecewise linear correction to the
wet component was estimated at 2-h intervals as part of
this processing. The solid earth tide was modeled (Cart-
wright and Taylor, 1971; Cartwright and Edden, 1973)

and removed, but no ocean or atmospheric loading
models were applied. These loading effects would be
coherent over baselines of this length. With the use of
the double-differenced, ionosphere-free phase combi-
nation as the observable, daily estimates of the USNA
coordinates were generated along with the USNA and
GODE tropospheric corrections and phase biases.

Figure 2 (black line) shows the north, east, and up
components of the estimated adjustments to the a
priori USNA coordinates from these daily estimates.
With 3 years of measurements, the seasonal nature of
the variations in the horizontal are obvious (the long-
period motions in the vertical are thought to be due to
other causes, such as ocean and atmosphere loading
and troposphere mismodeling). When sinusoids are fit
to these data, the magnitude of this signal is found to be
4.0, 5.0, and 2.0 mm in the north, east, and up, respec-
tively, with a 125° azimuth orientation. In other words,
the site is moving about 7 mm from the northwest in
winter to southeast in summer, along the length of the
pier. A simple model of the thermal expansion of the
pier now presents itself. With one end abutting the land,
the northwest end is constrained, forcing the principal
expansion to express itself along the length of the pier.
The GPS antenna rides along with these changes.

A numerical model was constructed to test this hy-
pothesis. In this model, the pier was represented by a
block whose orientation and dimensions were defined
by the local survey, that is, 76.7 m in length, 1.77 m in
width, and 130° azimuth orientation (Figure 1). Note
that only the lengths to the point of measurement, the
GPS antenna, are important, because of the linear, cu-
mulative nature of the thermal expansion. The coeffi-
cients of thermal expansion for steel and concrete, the
two primary component materials of the pier, are simi-

Seasonal Motion 43



0.02 0.03
FREQUENCY (day1)

FIGURE 3. (a) The north component of the changes to the a priori coordinates from the daily GPS
estimates and the power density spectrum of these adjustments. Some potentially important frequencies
are indicated in the spectrum plot, (b) The east component of the changes to the a priori coordinates
from the daily GPS estimates and the power density spectrum of these adjustments.
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FIGURE 4. (a) The north component of the changes to the a priori coordinates from the daily GPS
estimates with the motion of the pier predicted by the model removed and the power density spectrum
of these adjustments, (b) The east component of the changes to the a priori coordinates from the daily
OPS estimates with the motion of the pier predicted by the model removed and the power density
spectrum of these adjustments.
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lar but slightly different: 11.8 and 10.8 |xm/m/°C, re-
spectively. (See Table 1 for a list of common materials

and their coefficients of thermal expansion.) The model
was simplified by using only the value for concrete. The
vertical changes were slightly more complex to model
because of the different materials constituting the an-
tenna mount, details of the pier construction, and the
moderating effects of the water upon the pier. However,
it was recognized that variations in the vertical would be
proportionally smaller because of the shorter lengths
involved; therefore, uncertainties in the vertical would
not be considered a limitation in the model. The an-
tenna platform was known to be 2.91 m in height and
composed of steel. The pole was 3.108 m in length and
composed of cast iron, with a coefficient of thermal

expansion of 11.0 |xm/m/°C. The model was further
simplified by the assumption that temperature changes
in the lower pier, the part in contact with and shielded
by the water, would be small. This assumption effec-
tively treats the changes in the portion of the pier below
the water level as negligible, and defines the height of
the block representing the pier to be equal to the ex-
posed portion of the pier protruding above the water,
about 2 m. The block was constrained in the horizontal
at the northwest end and in the vertical at the bottom,
but was free to expand in all other directions as driven
by temperature. No surface meteorological measure-
ments were readily available from Annapolis, but

NOAA's Oceanographic Products and Services Division
provides hourly observations from many nearby loca-
tions. Air temperature data from the Solomon's Island,
MD tide gauge, 74 km south of Annapolis, were used to
represent the conditions at USNA.

Figure 2 shows the motion of the GPS antenna pre-

dicted by this model (gray line) and the GPS estimates
(black line). The match in the horizontal components is
excellent, giving correlation coefficients of 0.85 and 0.70
for the north and east, respectively. Removing the
model from the GPS estimates reduces the RMS scatter
from 3.9 to 2.8 mm in the north and from 5.2 to 4.2 mm
in the east component, but leaves a residual seasonal
signal. A coefficient of thermal expansion for the pier of

6.0 |xm/m/°C was found to give the best fit to the GPS
measurements in both horizontal components. When
the predictions from this modified model were removed
from the GPS estimates, the resulting RMS scatter was
reduced to 2.4 and 3.7 mm in the north and east, re-
spectively, and is consistent with other sites around the

Chesapeake Bay, whose coordinates are also estimated

daily. The improvement is shown in Figures 3 and 4.
Each figure displays the adjustments to the a priori co-
ordinates estimated from the GPS data and the power
spectral density from the Fourier transform of those
points. Figures 3 (a) and 3(b) are the estimated north
and east adjustments to the a priori coordinates (dupli-
cated from Figure 2). Note that the seasonal signal is
evident in both the position estimates and in the annual
frequency in the spectra. Figures 4 (a) and 4(b) are the
estimated adjustments with the pier expansion pre-
dicted from the model removed. Visually, little or no
seasonal motion is evident in these modified estimates.
This is confirmed by the corresponding power spectra,
which show that at least 74% of the annual signal has
been removed through the use of the model.

In reality, the pier is not free to expand in the hori-
zontal. In addition to abutting the shore at the north-
west end, the pier has pilings supporting its mass, fixing
those points, and limiting the expansion of the lower
portions of the pier. The modified coefficient of expan-
sion probably results from a combination of the pier
resting in the moderating environment provided by the

water and the resistive forces generated in the lower
pier by the supporting pilings rigidly fixed in the earth.
The additional complexity required to numerically du-
plicate this situation appears unnecessary, however.
Given the empirically determined coefficient of thermal
expansion, the model described here is simple, depends
upon surface air temperature only, and reproduces the

observed motion.

The precision of GPS technology continues to improve,
thus enabling its use in investigations of proportionally
smaller signals, such as postglacial rebound. As the
magnitude of the signal gets smaller the measurements
become more susceptible to motions from extraneous

sources, such as the GPS monuments themselves. These
are motions that, in most cases, are independent of the
actual signal of interest, as illustrated by the USNA site
in Annapolis. However, in this case, we have demon-
strated that this spurious motion can be identified and

subsequently removed with the use of a simple model of
thermal expansion. The materials comprising the USNA

monument are not uncommon in GPS monuments, nor
are their thermal expansion characteristics extraordi-
nary. Although the amount and direction of movement
are completely dependent upon the monument design,
any of these materials are capable of producing signifi-



cant seasonal motion of the type described here; there-
fore, careful attention to monument design is required
to minimize these thermal effects.
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